The frequency of Earth-size planets in the habitable zone of Sun-like stars, hereafter η ⊕ , is a key parameter to evaluate the yield of nearby Earth analogues that can be detected and characterized by future missions. Yet, this value is poorly constrained as there are no reliable exoplanet candidates in the habitable zone of Sun-like stars in the Kepler field. Here, we show that extrapolations relying on the population of small (< 1.8 R ⊕ ) short-period (< 25 days) planets bias η ⊕ to large values. As the radius distribution at short orbital periods is strongly affected by atmospheric loss, we re-evaluate η ⊕ using exoplanets at larger separations. We find that η ⊕ drops considerably, to values of only ∼ 5−10%. Observations of young (< 100 Myr) clusters can probe short-period sub-Neptunes that still retain most of their envelope mass. As such, they can be used to quantify the contamination of sub-Neptunes to the population of Kepler short-period small planets and aid in more reliable estimates of η ⊕ .
INTRODUCTION
The past decade has seen an exponential increase in the number of known exoplanets, mainly thanks to the NASAs Kepler space telescope (e.g., Borucki et al. 2011; Borucki 2017) . One of the most interesting and surprising results from this mission has been the discovery of a multitude of short-period planets (e.g., Fressin et al. 2013; Petigura et al. 2013) , located much closer to their star than Mercury to the Sun. Follow-up observations of a subset of these planets (Johnson et al. 2017; Petigura et al. 2017) led to more precise stellar, hence planetary, radii and to the discovery of the so-called radius valley, a much lower frequency of planets with radii ∼ 1.8 R ⊕ rather than ∼ 1.3 R ⊕ or ∼ 2.4 R ⊕ . Using the sub-set of exoplanet host stars with parameters homogeneously measured from asteroseismology, Van Eylen et al. (2018) confirmed the presence of the radius valley. Furthermore, they reported that the valley has a weak inverse dependence with orbital period as ∝ P −0.09 , which has been recently confirmed by Martinez et al. (2019) .
What is the origin of the radius valley? Owen & Wu (2013) predicted early on that photoevaporation driven by high-energy stellar photons could herd planet radii into a bi-modal distribution, closely matching that subsequently found by Fulton et al. (2017) . This happens because photoevaporation is least efficient for planets that have twice the core radius, or an H/He-rich envelope that is just a few % of the total mass: lighter or more massive envelopes are unstable and by evaporating efficiently end up populating one of the two peaks of the planet radius distribution (see Figure 6 in Owen & Wu 2017 but also Lopez & Fortney 2013; Jin & Mordasini 2018; Lopez & Rice 2018) . Alternatively, Ginzburg et al. (2018) suggested that the cooling luminosity of the planet itself drives atmospheric loss: light atmospheres, where the ratio between the heat capacity of the core and the envelope is ≤5%, are mostly heated by the underlying rocky core and are rapidly removed while more massive atmospheres regulate their own cooling and can survive.
Importantly, both scenarios imply that the population of short-period (< 100 days) small (< 1.8 R ⊕ ) planets is contaminated by sub-Neptunes that have lost a significant fraction of their envelope mass. Unlike Earth, these planets formed within few Myr in a gaseous circumstelarXiv:1908.06192v1 [astro-ph.EP] 16 Aug 2019 lar disk from which they accreted their envelope (e.g., Lee & Chiang 2016 ). This conclusion is further corroborated by the expectation that a primordial rocky population, born after disk dispersal, should result in a larger planet mass, hence radius, with increasing semimajor axis (e.g., Lopez & Rice 2018) which is opposite to the observed radius valley dependence with orbital period.
As the Kepler exoplanet detectability decreases rather steeply toward small planet radii and large orbital periods and no true Earth analog 1 has been discovered around Sun-like stars (e.g., Burke et al. 2015; Borucki 2017; Thompson et al. 2018 Lopez & Rice (2018) pointed out that fitting separable power laws in planet radius and period will likely lead to overestimate η ⊕ as the radius distribution will be dominated by short-period planets, many of which could be stripped cores, while the period distribution will be dominated by non-rocky sub-Neptunes. Here, we begin to evaluate the impact of short-period planets on η ⊕ in a systematic way. First, we explain our definition of the HZ and review the methods and η ⊕ estimates reported in the literature (Section 2). Next, we adopt the latest Kepler DR25 catalogue ) with stellar properties from Gaia DR2 (Berger et al. 2018) , in combination with the Exoplanet Population Observation Simulator epos 2 (Mulders et al. 2018, hereafter M18) , to evaluate the impact of short-period planets on estimates of η ⊕ . We show that η ⊕ drops by factors of ∼4-8 when extrapolations exclude shortperiod planets, many of which could be stripped cores (Section 2.1). As η ⊕ directly impacts the yield of Earth analogues that can be detected by future missions like LUVOIR and HabEx (e.g., Stark et al. 2015) , it is crucial to better constrain its value. A discussion of how this could be achieved is provided in Section 3.
THE OCCURRENCE OF EARTH-SIZE PLANETS IN THE HABITABLE ZONE
One of the primary science goals of the Kepler mission was to measure the frequency of Earth-size and larger planets in the HZ of Sun-like stars (Borucki et al. 2003) . As no true Earth analog has been detected, η ⊕ estimates necessarily rely on assumptions based on the more abundant population of short-period and larger planets.
Numerous estimates of η ⊕ are available in the literature and the ExoPAG Study Analysis Groups 13 has recently summarized and tried to reconcile discrepancies among different studies 3 . To cancel out dependencies on the definition of the HZ and planet size range, the report focuses on comparing Γ ⊕ = ∂ 2 N (R,P )
∂lnR∂lnP | R=R⊕,P =1yr , i.e. η ⊕ per log period and radius bin. Even with this definition, literature Γ ⊕ span more than an order of magnitude in range, from 2% (Foreman-Mackey et al. 2014) to 70% (Traub et al. 2015) . The report highlights that major differences are introduced by the use of different Kepler catalogues and completeness curves, with more recent ones giving systematically larger values, while different methods/extrapolations introduce only a factor of two uncertainty. We will show, instead, that extrapolations are very sensitive to the exclusion of short-period planets (Section 2.1). Finally, the report provides power law fits in period and radius for small (< 3.4 R ⊕ ) planets based on the average of 12 community occurrence rate grids which include up to the DR24 Kepler data release. These fits imply Γ ⊕ = 38% or η ⊕ ∼ 20% when considering a conservative HZ (0.95-1.67 au) and habitable planets ∼ 0.8 − 1.4 R ⊕ , very close to the 24% baseline value used to estimate the exoplanet yield for the LU-VOIR 4 and HabEX 5 mission concept studies. In M18 we used the latest Q1-Q17 DR25 Kepler catalogue to present a new code, epos, which is based on a forward modeling approach to constrain exoplanet populations. The code includes the most recent detection and vetting efficiency curves for the most reliable planet candidates (Robovetter score ≥0.9). We fit two broken power laws, one in orbital period (for 2 < P < 400 days) and one in planet radius (for 0.5 < R < 6 R ⊕ ), and demonstrated that they provide a good match to the bulk of the Kepler planet candidates (see Appendix A for a detailed description of the equations employed in epos). Integrating the posterior distribution in the 0.9 < P < 2.2 P ⊕ and 0.7 < R < 1.5 R ⊕ The grey rectangle delineates the HZ, no reliable planet candidate is detected inside the HZ. Occurrence rates using the inverse detection efficiency method are also provided for nine period and two radius bins (black rectangles). For clarity these values are also plotted in the lower panel with the number of planets per bin for the five bins at largest orbital periods.
range, which is based on the Kopparapu et al. (2013) conservative HZ for the most common Sun-like stars in the Kepler sample, we found η ⊕ = 36 +14 −14 % and Γ ⊕ = 53 +20 −21 %. These values agree with the baseline Γ ⊕ = 60% obtained by Burke et al. (2015) by fitting a single power law in period (for 50 < P < 300 days) and broken power-law in radius (for 0.75 < R < 2.5 R ⊕ ) on all Q1-Q16 Kepler planetary candidates, i.e. no reliability cut was applied. Hsu et al. (2019) recently estimated Γ ⊕ from the DR25+Gaia DR2 catalog using a Bayesian framework and derived a median (50th percentile) value of 57% with 1σ boundaries of 34% and 84%, though they also did not include planets' reliability. Finally, Zink & Hansen (2019) used the same DR25+Gaia DR2 catalogue but adopted two independent broken power-law relations as in M18 and derived essentially the same η ⊕ , 34%, although with a much lower uncertainty of only 2% as they include several system's multiplicity parameters and priors to eliminate unphysical solutions.
A fourfold to eightfold drop in η ⊕
To evaluate the impact of short-period planets on η ⊕ estimates, we adopt the same definition of HZ and habitable planets as in M18. We update epos to include Gaia-revised stellar radii for the Kepler sample (Berger et al. 2018 ) and re-calculate detection efficiency contours for each individual star using KeplerPORTs (Burke et al. 2017) . After removing giant and sub-giants as in Berger et al. (2018) , we obtain a sample of 119,220 dwarfs with a median mass of 0.976 M . We calculate the average survey detection efficiency for this sample as well as re-compute vetting efficiency curves for the reliable (Robovetter score ≥0.9) candidates in our sample following the approach described in M18. Figure 1 shows our Kepler DR25+Gaia candidate list color coded by survey completeness. The grey rectangle delineates the HZ, no reliable detection is present in the region. Accepting all planet candidates, regardless of their Robovetter score, results in 4 detections, with 2 at the upper border of the box, while using pre-Gaia stellar parameters would further increase the number to 11, see also Figure 14 in Burke et al. (2015) for the same number of planetary candidates in the HZ from the Q1-Q16 Kepler catalogue and pre-Gaia radii 6 . We first run epos in its Monte Carlo mode with this new Kepler DR25+Gaia catalogue, the updated completeness and vetting efficiencies, and over the same period (2 < P < 400 days) and planet radius (0.5 < R < 
Note-The equations used in the fit and an explanation for each of the parameters listed here are provided in Appendix A. Posterior distributions for Model#1 and #4 are shown in Figures 2 and  3 , respectively.
6 Note that the five candidates at the completeness level of 0.01% were already marked as suspected false positive in the SAG13 report and excluded from occurrence rate calculations 6 R ⊕ ) range as in M18. This first run is referred to as Model#1. We find the same best fit parameters as M18 within the quoted 1-σ confidence intervals, see Table 1 . The posterior distributions (blue lines) and best-fit relations (black lines) in orbital period and planet radius for our Model#1 are shown in Figure 2 . The same figure provides the occurrence rates calculated with the inverse detection efficiency method (red points with errorbars). As already pointed out in M18, the low values for large orbital periods (P ≥ 30 days) and small planet radii (R ≤ 1.5 R ⊕ ) are just due to the inclusion of bins where the completeness is low and Kepler has only partly detected planets (see Figure 1) . To illustrate this point the green line in the lower panel of Figure 2 gives the biased posterior, i.e. the posterior distribution assuming that no planets are detected below a completeness of 0.03%. The good agreement between the red points and the green line demonstrates how the classic inverse detection efficiency method can underestimate true rates (see also Foreman-Mackey et al. 2014 and Appendix A for posteriors and occurrence rates over a restricted period and radius range with higher completeness). Note that the mis-match at R > 6 R ⊕ is inconsequential to the paper since the fit and the η ⊕ calculation ignore that part of parameter space.
The key features of the best-fit relations shown in Figure 2 and relevant to this investigation are: i) a slight increase in the occurrence vs orbital period beyond P break and ii) an increase in the occurrence of planets smaller than R break . By integrating the posterior distribution in the HZ we find Γ ⊕ =60 +22 −25 % and η ⊕ =41 +15 −17 %, see also Table 2 , the same as those reported in M18. Expanding upon and corroborating M18, this test also shows that the Gaia-revised stellar radii have very little impact on this type of modeling, in spite of reducing by more than half the number of all candidates falling in the HZ, see also Zink & Hansen (2019) .
Next, we run epos over the same period range but only on the sample of small planets (0.5 < R < 2 R ⊕ ), i.e. we employ only a broken power-law in period to fit the observed distribution (Model#2 in Table 2 ). This model returns similarly large Γ ⊕ and η ⊕ as Model#1 because the planet distribution increases toward small radii (a R = −1.25±0.05). Finally, we run a set of models where we exclude the population of short-period planets but fit a large range of planet radii with a broken power law. The minimum period of 12 days (Models#3 and #4) is chosen to exclude the known orbital period break for sub-Neptunes (Howard et al. 2012 ) while for periods > 25 days (Models#5, #6, and #7) theoretical models predict minimal photoevaporation (e.g., Owen & Wu 2017) , hence negligible contamination of stripped A biased version of the posterior planet radius distribution, assuming no planets below a completeness of 0.03%, is shown in green. The good agreement between the green curve and the red points illustrates that occurrence rates, estimated with the inverse detection efficiency method, underestimate the true distribution in bins where the completeness is low and planets are only partially detected.
cores. We find that Γ ⊕ and η ⊕ drop by factors of ∼ 4−8 when excluding the population of short-period planets and that the results are robust against the lower planet radius boundary that is adopted. Note that Model#7, single power laws for small planets with minimal photoevaporation, essentially provides the same η ⊕ estimates as Model#6 where the inclusion of large planets is modeled via a broken power-law relation in planet radius.
To clarify why there is such a difference in the η ⊕ estimates, we provide the epos best-fit values and 1-σ confidence intervals for Model#4 in Table 1 Note-'2D broken' stands for broken power law in period and radius while 'P (R) broken' means that we have employed a broken power law in period (radius) and a single power law in radius (period), see Appendix A for the equations.
posterior orbital period and planet radius distributions in Figure 3 . The planet distribution is still slightly increasing toward larger orbital periods (parameter b P ) but steeply drops toward small planet radii (parameter a R ). It is the difference in the best fit power law index for small planets (< 3R ⊕ ) that leads to a fourfold drop in η ⊕ between Model#1 and 4. The lower panel of Figure 1 further clarifies why excluding short-period planets results in smaller η ⊕ . It shows that the occurrence of small (1 − 1.8 R ⊕ ) planets, calculated by applying the inverse detection efficiency method over bins with relatively high completeness > 0.01%, drops by almost a factor of ∼2 from the ∼ 10 days bin to the ∼30 days bin. In contrast, the occurrence of large (1.8 − 3.2 R ⊕ ) planets increases by ∼ 50% over the same bins and continues to increase out to 200 days. Note that the small planets' ∼ 30 days bin has an even higher survey completeness that the bin at 120 days for the 1.8 − 3.2 R ⊕ planets and does not fall below 0.01% out to 200 days. Hence, the drop beyond ∼ 10 days in the planet occurrence of 1 − 1.8 R ⊕ planets is robust. This drop further indicates that the occurrence of small short-period planets is not representative for the one at longer orbits and such planets should not be included to infer η ⊕ . Interestingly, fitting the occurrence of 1 − 1.8 R ⊕ planets beyond 12 days with a single power law gives an index of 0.13, the same as b p for Model#4, and an occurrence of 10% when integrated over the HZ period of 0.9 − 2.2 P ⊕ , similar to the low η ⊕ values calculated by epos when excluding the population of small short-period planets.
3. DISCUSSION AND OUTLOOK Figure 3 . epos posterior orbital period distribution (top) and planet radius distribution (bottom) for Model#4. Symbols as in Figure 2 . Note that these occurrence rates (red points with errorbars) are calculated for larger planets than in Figure 2 , hence they underestimate less the true distribution.
When considering the sample of most reliable Kepler candidates (Robovetter score ≥0.9), there are no exoplanets detected in the habitable zone of Sun-like stars. As such, extrapolations are necessary to estimate η ⊕ . Here, we have shown that extrapolations relying on the population of small (<1.8 R ⊕ ) short-period (< 25 days) planets bias η ⊕ to large values, mainly because the inferred distribution vs planet radius increases toward Earth-sized planets. Excluding this population leads to a fourfold to eightfold drop in η ⊕ . The existence of the radius valley , combined with its orbital period dependence (Van Eylen et al. 2018; Martinez et al. 2019 ), provides strong support that the population of small short-period planets is contaminated by stripped cores. Therefore, the occurrence of small shortperiod planets is not representative for that of planets further away from the star and should not be used to infer the frequency of rocky planets in the HZ. Supporting this statement we have shown that, in the region with high survey completeness and for the most reliable Kepler candidates, the population of small (<1.8 R ⊕ ) planets drops beyond 10 days. How can we then obtain more reliable estimates of η ⊕ ? Independent transit or radial velocity detections of small long-period (> 100 days) Kepler candidates would provide the most robust approach to measure the frequency of rocky planets close to the HZ. Such followups would identify the true planets, thus eliminate the use of candidates with a chosen reliability cut, and, being at relatively large orbital periods, reduce the uncertainty when extrapolating into the HZ. While there are a few on-going efforts (e.g., Burke et al. 2019) , the faintness of the Kepler stars, combined with the large orbital period and transit duration of these candidates, makes it unlikely that all of them can be independently confirmed. Statistical validation, which includes ancillary observational evidence, has been also pursued (e.g., Torres et al. 2017 ) but it cannot be extended to long-period, low signal-to-noise planets (Mullally et al. 2018; Burke et al. 2019) .
Another approach is to quantify the contamination of sub-Neptunes with significantly reduced envelope mass to the population of small short-period planets. Understanding whether photoevaporation or core-powered mass loss dominate would be an important first step. As core-powered mass loss correlates with the bolometric luminosity of the star, while photoevaporation is driven by high-energy stellar photons, characterizing the radius valley for stars of different spectral types could help distinguishing between these two mechanisms (e.g., Ginzburg et al. 2018) . In addition, quantitative comparisons between both models and the Kepler data, carried out in the same uniform way, would be extremely valuable to test them. Such comparisons could reveal analytic relations for the period-radius distribution under the influence of atmospheric loss that could be included in epos and used to refine η ⊕ estimates. Alternatively, observations of young (≤100 Myr) clusters with TESS could measure the occurrence of primordial short-period large planets (1.8 − 3.2 R ⊕ ). Subtracting from this population the corresponding old planet population would give the frequency of sub-Neptunes whose atmosphere has been significantly stripped away from photoevaporation or planet's cooling. Finally, removing this population from the Kepler short-period small (1−1.8 R ⊕ ) planets would unveil the occurrence of rocky planets that formed like Earth. Here, we briefly summarize the key equations used in epos to fit the observed Kepler exoplanet population. We direct the reader to M18 for a complete description of the code and examples on how to use it 7 . The planet occurrence rate distribution is described with separable functions in period P and planet radius R:
where A is a normalization factor and the integral of the function over the simulated planet period and radius range equals the number of planets per star (η). In M18, as well as in Model#1 and #2 of this letter, the planet orbital period distribution is described by a broken power law:
7 https://github.com/GijsMulders/epos where the break in orbital period at ∼ 10 days for sub-Neptunes was first recognized by Youdin (2011) and Howard et al. (2012) and likely reflects the inner edge of protoplanetary disks (Mulders et al. 2015) . When fitting a large range of planet radii the radius distribution also follows a broken power law:
reflecting early findings of a departure from a single power law at ∼ 2 R ⊕ (Petigura et al. 2013 ). This type of broken power law in radius is used in Model#3 through to #6 in this letter. epos generates a synthetic planet population via a Monte Carlo approach by random draws from the distributions outlined above. The typical uncertainty in planet radius is included in these Monte Carlo simulations but it is not propagated in the detection efficiency or vetting. Uncertainties on the best fit parameters are obtained via a Markov Chain Monte Carlo simulation using emcee (Foreman-Mackey et al. 2013) . For each simulation presented in this study we used 200 walkers for 5000 Monte Carlo iterations and a 1000-step burn-in. Figure 4 shows the epos posterior orbital period and planet radius distributions for a model analogue to Model#1 but with the fit restricted in planet period (2-200 days) and radius (1-6 R ⊕ ). This new model results in the same best fit solutions as Model#1, that is why it is not included in the main text, but illustrates how the inverse detection efficiency method (red points with errorbars) can underestimate the true occurrence in a bin that includes regions with low survey completeness and planets detected only in part of the bin (compare the red points in Figure 2 and Figure 4 ). The limitations of the inverse detection efficiency method were also pointed out in Foreman-Mackey et al. (2014) , that is why the forward modeling approach in epos is preferable, especially in regions with few planet detections. . epos posterior orbital period distribution (left) and planet radius distribution (right) for a 2D broken power law as for Model#1 but with the fit restricted in planet period (2-200 days) and radius (1-6 R⊕). Note that the occurrence rates obtained with the inverse detection method (red points with errorbars) are closer to the best fit than in Figure 2 as this period and radius range includes fewer bins with low completeness and only partly detected planets.
